Human T-lymphoma Jurkat cells treated with several intrinsic death stimuli readily undergo a stepwise apoptotic program. Treatment with 1,9-dideoxyforskolin (ddFSK), an inactive analogue of the adenylate cyclase activator forskolin, induces necrotic cell death and switches to necrosis the response to the apoptosis inducers in Jurkat and in other cell models. Yet, in the presence of ddFSK, mitochondrial changes are enhanced and apoptosome formation takes place. We show that ddFSK does not inhibit the catabolic steps of apoptosis, but rather elicits a profound ATP depletion that in turn tunes the mode of cell demise towards necrosis. Treatment with ddFSK impairs both glycolysis and oxidative phosphorylation in a Bcl-X L -and PKB/Akt-independent fashion, and inhibition of both processes is needed to affect apoptosis progression. Apoptosis is not blocked per se by ATP depletion, as engagement of the Fas receptor directly activates caspases, thus bypassing ddFSK inhibition. Keywords: apoptosis; necrosis; PKB/Akt; Bcl-X L ; 1,9-dideoxyforskolin; energy metabolism Abbreviations: AIF, apoptosis-inducing factor; Anis, anisomycin; ANT, antimycin A; CCCP, carbonil cyanide m-chlorophenylhydrazone; CPT, camptothecin; cyt c, cytochrome c; DAPI, 4 0 ,6-diamidino-2-phenylindole; ddFSK, 1,9-dideoxyforskolin; 2DG, 2-deoxyglucose; Dc m , mitochondrial electrochemical gradient; ETO, etoposide; FCCP, carbonyl cyanide 4-trifluoromethoxyphenyl-hydrazone; GSK3, glycerol synthase kinase 3; MAN, mannitol; PARP, poly (ADP-ribose) polymerase; PCD, programmed cell death; PI, propidium iodide; ROT, rotenone; Smac/DIABLO, second mitochondrial-released activator of caspases/direct IAPbinding protein with a low isoelectric point; STS, staurosporine; TMRM, tetramethylrhodamine methyl ester; 5TG, 5-thyoglucose; TUNEL, TdT-mediated dUTP-X nick end labeling
Introduction
Programmed cell death (PCD) is endowed with a highly stereotypical series of morphological and biochemical changes. The PCD process is defined as apoptosis when these features include the activation of proteases termed caspases, cytoplasmic shrinkage, loss of plasma membrane lipid asymmetry, chromatin condensation and DNA degradation into oligonucleosomal fragments. 1, 2 Apoptosis can be initiated by the engagement of the plasma membrane death receptors (extrinsic pathway), or by changes in the mitochondrial integrity following either a broad range of physical and chemical stimuli or growth factor withdrawal (intrinsic pathway 3 ). Pro-and antiapoptotic members of the Bcl-2 family of proteins integrate intrinsic signals, leading either to cell survival by maintaining mitochondrial homeostasis, or to cell death by releasing in the cytosol apoptogenic proteins stored in the mitochondria. 4 These molecules contribute to the formation of the apoptosome, a multimolecular complex that triggers caspase activation, a mandatory event for cell dismantling through the intrinsic pathway. 5 On the other hand, when apoptosis is elicited by the extrinsic pathway, the caspase cascade can rely upon the aforementioned stages, or alternatively it can be directly activated following death receptor engagement, thus skipping mitochondria requirement. 6 Execution of the cell death program displays a remarkable plasticity. Indeed, the modes of cell demise comprise a number of processes spanning the entire range of intermediate options between apoptosis and necrosis, including apoptosis-like PCD and necrosis-like PCD. 7 In necrotic cells, the cytosol and the organelles rapidly swell and the nuclear structure and DNA are degraded in a nonspecific fashion. 2 The different forms of PCD comprised between the extremes of apoptosis and necrosis are mostly endowed with a lack of caspase activation and with any degree or combination of other apoptotic-like hallmarks. The choice among these different forms of cell death is determined by complex factors. In some cases, a normal apoptosis program is interrupted and the PCD is terminated by caspase-independent routes. stress, 10 or energy depletion, 11 and, in turn, the cell can switch from an apoptotic to a necrotic-like death process. 7 Prevention of ATP production was shown to inhibit caspase activation in some experimental models, [12] [13] [14] and the molecules that couple apoptosis regulation and energy metabolism are currently under investigation. The Bcl-2 family protein Bcl-X L was reported to prevent cell death by maintaining oxidative phosphorylation even in conditions of metabolite deprivation. [15] [16] [17] The PKB/Akt serine/threonine kinase increases glucose uptake and glycolytic activity, [18] [19] [20] and thus stimulates cell metabolism by enhancing substrate availability for mitochondrial activity. 21, 22 In this study, we provide evidence that treatment of Tlymphoma cells and other cell models with several intrinsic apoptotic agents results in a PCD program aborted downstream of apoptosome formation when cells are exposed to 1,9-dideoxyforskolin (ddFSK), a diterpenoid often used as a negative control of the adenylyl cyclase activator forskolin. On the contrary, the response mediated by death receptor engagement is not affected or slightly increased by ddFSK. We report that ddFSK causes massive energy depletion and mitochondrial functional impairment in a Bcl-X L -and PKB/Aktindependent way. This metabolic arrest involves both glycolysis and oxidative phosphorylation, thus indicating that the inhibition of both processes is required to switch the mode of cell demise after apoptosome formation.
Results
Apoptosis induction through the intrinsic pathway is switched to necrosis by cell treatment with 1,9-dideoxyforskolin Human T-leukemia Jurkat cells were exposed to different apoptosis inducers: staurosporine (STS), a wide-range protein kinase inhibitor; anisomycin (Anis), a Jun kinase activator and protein synthesis inhibitor; camptothecin (CPT) or etoposide (ETO), inhibitors of DNA topoisomerase I and II, respectively; mannitol (MAN), which elicits a hyperosmotic shock; and the anti-Fas agonist antibody CH11. This latter compound triggers an extrinsic apoptotic pathway by eliciting the trimerization of the Fas receptor, whereas all other agents activate an intrinsic, receptor-independent apoptotic process.
By using a cytofluorimetric technique set up in our group, 23 we simultaneously investigated different apoptotic features: cell shrinkage and increase in granularity (light-scatter parameters); decrease in the mitochondrial membrane potential (Dc m , measured as reduced staining with the probe TMRM); exposure of phosphatidylserine (PS) on the cell surface (Annexin V-FITC staining) and permeabilization of the plasma membrane to propidium iodide (PI), that is, cell death. Jurkat cells treated with STS, Anis, CPT, ETO, MAN or anti-Fas entered the apoptosis program, as assessed by a decrease of Dc m and PS flipping across the plasma membrane. The wide-range caspase inhibitor Z.VAD-fmk abolished or reduced all apoptotic changes ( Figure 1a , b and not shown). We had observed that ddFSK, an inactive analogue of the adenylyl cyclase activator forskolin, interfered with some late apoptotic degradation events. 24 In our experimental conditions, a short-term (5 h) cell exposure to ddFSK caused a marked mitochondrial depolarization and a moderate increase of the fraction of cells displaying PS exposure and PI permeability, independently of caspase activity (Figure 1a, b) . Remarkably, this pattern of cell response was not changed when ddFSK was supplied together with the intrinsic apoptotic inducers, thus suggesting that the apoptotic response to these compounds was abrogated by ddFSK (Figure 1a, b) . Instead, the coincubation of Jurkat cells with the anti-Fas antibody and ddFSK increased all apoptotic parameters in a caspasedependent fashion (Figure 1a ). This effect of ddFSK on apoptosis induction was not restricted to Jurkat cells, as it was observed also in the lymphoblastic leukemia CEM cells (Figure 1c) , in the monocytic THP-1 cells and in the colon carcinoma COLO741 cells (data not shown). As depicted in Figure 1d , a longer (8 h) cell exposure to ddFSK, alone or in combination with the proapoptotic compounds, induced cytosolic shrinkage and increase of cell granularity. Shrunken and granular cells were also PI-permeable, indicating that they were either in late apoptotic stages or undergoing necrosis. Moreover, ddFSK inhibited nuclear apoptotic changes caused by the intrinsic apoptosis inducers (such as nuclear fragmentation and appearance of cells with hypodiploid DNA), whereas it increased the percentage of cells undergoing these apoptotic changes after Fas engagement (Figure 1e, f) .
Collectively, these data indicate that ddFSK by itself causes necrosis, while it induces an apoptosis-to-necrosis switch when cells are challenged with an intrinsic apoptotic stimulus.
Release of apoptogenic proteins from mitochondria is increased by ddFSK
The release of several apoptogenic molecules from the mitochondria, such as cyt c, AIF and SMAC/Diablo, is crucial for the activation of the degradation machinery in most apoptotic pathways. 5 As depicted in the cell fractionation experiments of Figure  2a -c, cell treatment with STS, Anis, or with the CH11 anti-Fas antibody caused the release into the cytosol of cyt c, SMAC/ Diablo and AIF. Figure 2d also shows the effect of Anis on the release of procaspase-3. All these proteins were also shed from the membrane and organelle fraction of cells treated with ddFSK, and the coincubation of ddFSK with the proapoptotic agonists further enhanced this release (Figure 2a-d) . We verified that these results faithfully represented the cell status prior to cell disruption. An in situ immunofluorescence experiment (Figure 2e) shows that the signals of an anticytochrome oxidase subunit VIc and of an anti-cyt c antibody only colocalized in untreated Jurkat cells, as revealed by the yellow color of the overlay in the control panels, whereas a diffuse red fluorescence could be detected in the overlay images after treatment with anisomycin and ddFSK alone or in combination. Similar results were obtained by replacing the anti-cyt c with an anti-SMAC/Diablo or with an anti-AIF antibody (not shown).
constituents are Apaf-1, procaspase-9 and cyt c. The apoptosome further induces the recruitment of caspase-3 and catalyzes caspase cleavage. 5 The immunoprecipitation experiment of Figure 3a documents that the aggregation of Apaf-1, caspase-9 and caspase-3 was not prevented by ddFSK after treatment with the different apoptotic stimuli. Cell treatment with STS, Anis and anti-Fas agonist antibody caused cleavage of the zymogenic forms of caspase-3 (Figure 3a) , caspase-7 (Figure 3b ), caspase-8 ( Figure 3d ) and caspase-9 ( Figure 3f ). However, when ddFSK was provided together with STS and Anis, the activating cleavage of these caspases was prevented. In contrast, the coadministration of anti-Fas and ddFSK did not block or even augmented the extent of caspase proteolysis. In perfect keeping with its effects on cleavage, ddFSK markedly inhibited the activity of this pool of caspases when apoptosis was triggered by STS or Anis, but was completely ineffective following the engagement of the Fas receptor (Figure 3c, e and g) .
Likewise, the cleavage of lamin B, a substrate of caspase-6, and of PARP, a substrate of caspase-3-like enzymes, to the expected fragments were prevented by ddFSK when apoptosis was elicited by STS and Anis, but not when the CH11 anti-Fas antibody was the death stimulus ( Figure 4a ). ddFSK largely prevented DNA fragmentation induced by STS or Anis, irrespective of whether an agarose gel assay or a TUNEL approach was used for detection ( Figure 4b , c, respectively). However, ddFSK increased the DNA cleavage induced by Fas as measured by the TUNEL assay but not by the agarose gel approach, suggesting a negative regulation of the DFF45/ CAD nuclease responsible for the nucleosomal fragmentation. We also incubated Jurkat cell lysates in vitro with dATP and cyt c. As reported in Figure 5a , cell lysate incubation with ddFSK did not affect either caspase-9/caspase-3 activation or PARP cleavage. In the presence of ddFSK, cell lysates pretreated with all the proapoptotic compounds maintained their ability to cleave an added DNA that retains its nucleosomal structure (Figure 5b) .
Thus, ddFSK interrupts the intrinsic apoptotic pathways by inhibiting caspases downstream of the formation of the apoptosome, and it does not block apoptosome activation, caspase activity or DNA cleavage through a direct mechanism.
ddFSK has limited effects on mitochondrial function
We then asked whether ddFSK directly affects mitochondrial function. In isolated mitochondria, ddFSK induced a delayed and modest depolarization that remained stable over several minutes (Figure 6a ), but it did not cause cyt c release (data not shown). Furthermore, ddFSK inhibited the respiratory rate of isolated mitochondria, and this effect could be better appreciated when the electron flux was maximally stimulated by the addition of a protonophoric uncoupler; this inhibition of respiration was matched by a depolarization of 10-20 mV (Table 1 ). These data suggest that ddFSK may depolarize mitochondria as a consequence of its inhibition of respiration.
To investigate this possibility, Dc m was studied in Jurkat cells with the cytofluorimetric approach reported above. ddFSK-mediated mitochondrial depolarization was a slow process: only after a 5 h exposure, all cells displayed depolarized mitochondria, and after 24 h no viable cells were detectable, further indicating cell necrosis (Figure 6b) . A dose-response analysis indicated that up to 100 mM ddFSK was ineffective at triggering mitochondrial depolarization, whereas it was abruptly elicited by 200 mM ddFSK (Figure 6b ).
Strikingly, ddFSK markedly enhanced the mitochondrial depolarization and the plasma membrane permeability to PI caused by antimycin A (ANT) or rotenone (ROT), which, respectively, inhibit complex III and I of the respiratory chain, and of the protonophore carbonil cyanide m-chlorophenylhydrazone (CCCP; Figure 7a ). In all cases, ddFSK acted in a caspase-independent fashion (not shown). ddFSK increased the rate of depolarization induced by ANT, at the early time points (Figure 7b ), and the association of ddFSK and ANT was highly lethal to cells, as about half of them were dead after 2 h (not shown). ddFSK was also tested in association with some modulators of the mitochondrial permeability transition pore (PTP), which may be implicated in mitochondrial depolarization and release of apoptogenic proteins. The two PTP inducers PK11195 (a ligand of the peripheral benzodiazepine receptor) and the thiol oxidant diamide were ineffective per se, but increased the rate of mitochondrial depolarization and of cell death induced by ddFSK (not shown). Other modulators of the PTP, such as the ROS scavenger N-acetyl-cysteine, the voltage-dependent anion channel (VDAC) modulators Koenig's polyanion or dextran sulphate, were ineffective (not shown).
Jurkat cells were then exposed to the apoptotic inducers with or without ANT. Even though in all experimental conditions ANT caused a marked Dc m decrease (Figure 7c ), caspase activity was never impaired, as shown by the cleavage of PARP and by nucleosomal DNA fragmentation (Figure 7d , e).
Taken together, these data indicate that mitochondrial depolarization is not sufficient per se to inhibit downstream apoptotic events, and that the ddFSK-dependent mitochondrial changes are additive with those caused by a bona fide protonophore, by respiratory inhibitors and by some PTP inhibitors. This suggests that the effects of ddFSK on the mode of cell death may not be due to its direct, modest effects on mitochondrial energy conservation.
Energy metabolism is dramatically changed by ddFSK
Cell exposure to ddFSK caused a dramatic depletion of intracellular ATP. The effect of ddFSK was dose-dependent (Figure 8a ), and it was almost maximal after 2 h of incubation. After 5 h, the intracellular concentration of ATP was nearly reduced to background levels ( Figure 8b ). This massive ATP depletion took place irrespective of any apoptosis induction, and it was much higher than that obtained with oligomycin or ANT (Figure 8c ), which block oxidative phosphorylation by inhibiting the mitochondrial ATP synthase and the respiratory chain, respectively.
In principle, the ATP-depleting effect of ddFSK could be due to an enhancement of ATP hydrolysis by one or more cellular ATPases. However, cell treatment with several ATPase inhibitors (ouabain for Na þ /K þ -ATPase, oligomycin for the mitochondrial F 0 F 1 ATPase, Na-orthovanadate for cytosolic Ca 2 þ -ATPases, thapsigargin for microsomal Ca 2 þ -ATPases and bafilomycin A 1 for vacuolar-type H þ ATPases) did not alter the effect of ddFSK. Interestingly, inhibition of the F 0 F 1 ATPase caused an acceleration of the ddFSK-dependent ATP consumption, indicating a synergistic effect between ddFSK and oligomycin ( Figure 8d ). As reported in Figure 8e , even when cells were placed in a glucose-free medium, that is, in conditions of no glycolysis, the depletion effect of ddFSK did not change at all. The absence of any glycolytic-mediated ATP production was verified by inhibiting oxidative phosphorylation with oligomycin or ANT. These results show that depletion of ATP induced by ddFSK cannot be counteracted by ATP synthesis by mitochondria or by glycolysis.
To verify whether ddFSK could have a direct effect on glycolytic activity, we assessed its effect on lactate production. As depicted in Figure 8f , g, ddFSK rapidly arrested lactate production, and the effect was similar to that observed with the hexokinase inhibitors 2-deoxy-glucose (2DG) and 5-thio-glucose (5TG). Lactate production in the presence of ddFSK was comparable to that of cells kept in medium without glucose. A direct interaction of ddFSK with lactate dehydrogenase was excluded by experiments performed in the presence of pyruvate, whereas a colorimetric assay performed with purified hexokinase showed no direct effect of the drug on this enzyme (not shown). ddFSK also completely impaired glucose consumption from the culture medium, similarly to the hexokinase blockers. Remarkably, both ddFSK and 5TG elicited glucose release when cells were incubated in glucose-free medium (Figure 8h ), suggesting that glycolysis inhibition triggers a feedback loop that outwardly activates the membrane transporter. It must be pointed out that neither 2DG nor 5TG induce any mitochondrial depolarization, whereas the effect on ATP depletion was lower than that of ddFSK and additive to it (not shown). Thus, the inhibitory effects on cell energy metabolism caused by Figure 3 Effect of ddFSK on the activation of caspases. Jurkat cells were incubated in the same conditions as in Figure 1 . In (a), caspase-3 was immunoprecipitated and the blot was probed with an antibody recognizing both its p32 zymogenic form and its p20/p17 active fragments, with an anti-Apaf-1 antibody and with an anticaspase-9. In (b), (d), (f), the activation of caspase-7, caspase-8 and caspase-9, respectively, was detected as cleavage of the zymogenic forms of the enzymes. In (c), (e), (g), caspase activity was measured as cleavage of the chromophore-conjugated substrates of caspase-3/7 DEVD-pNA (DEVDase activity), caspase-8 IETD-pNA (IETDase activity) or caspase-9 LEHD-pNA (LEHDase activity). Values are reported as arbitrary colorimetric units normalized versus control conditions ddFSK are additive to those obtained blocking either oxidative phosphorylation or glycolysis.
Bcl-X L or PKB/Akt overexpression do not change the effects of ddFSK
The antiapoptotic protein Bcl-X L prevents mitochondrial dysfunction and cyt c release in several models of apoptosis induction (e.g. Vander Heiden et al. 17 ). To investigate whether Bcl-X L could reverse the effects on apoptosis and energy metabolism mediated by ddFSK, we stably overexpressed Bcl-X L in Jurkat cells. As depicted in Figure 9a , Bcl-X L overexpression did not inhibit the profound ATP depletion caused by ddFSK, either in basal or in apoptotic conditions. Moreover, even though Bcl-X L -transfected cells treated with apoptosis inducers had a reduced caspase activity as compared to wild-type Jurkat cells (compare Figures 9b and  3c) , this activity was further blocked by ddFSK. Remarkably, the Dc m decrease caused by our apoptotic agonists was markedly reduced by Bcl-X L overexpression, but the ddFSKdependent mitochondrial depolarization was not affected, irrespective of apoptosis induction (Figure 9c) . Therefore, neither the loss of Dc m nor the intracellular ATP depletion caused by ddFSK can be inhibited by the antiapoptotic activity of Bcl-X L .
The PKB/Akt serine/threonine kinase is a major effector of cell survival, and its capability to increase glucose metabolism 22 allows maintenance of glycolysis and a better supply of respiratory substrates to mitochondria, which might preserve mitochondrial integrity and function. 21 The hallmark of PKB/ Akt activation is the phosphorylation at the Thr308/Ser473 residues. As reported in Figure 10a , the phosphorylation of Ser473-Akt was abolished by ddFSK treatment independently of apoptosis induction. The kinetics and dose response of PKB/Akt phosphorylation after the addition of ddFSK were strikingly similar to those displayed by mitochondrial depolarization and ATP depletion (compare Figure 10b , c with In vitro oligonucleosomal fragmentation of high molecular weight calf thymus DNA after a 2 h incubation with cytosolic extracts of Jurkat cells preexposed for 4 h to 150 ng/ml STS, 500 ng/ml Anis or 150 ng/ml aFas. Where indicated, 200 mM ddFSK was added to the DNA incubation mixture Figures 6b and 8a, b) . The phosphorylation of GSK3, a PKB/ Akt substrate, indicates that the phosphorylation of Ser473 matches the enzyme activity (Figure 10c ). To verify whether PKB/Akt inhibition could be causative of the energy metabolism changes observed with ddFSK, we infected Jurkat cells with lentiviral vectors containing the constitutive active or dominant-negative form of PKB/Akt. The active form of the enzyme reduced the apoptotic response to intrinsic inducers, whereas the dominant-negative enzyme enhanced it ( Figure  10d ) and the response to Fas was unchanged (not shown). Nonetheless, PKB/Akt activation or inactivation had no effect on ATP depletion, inhibition of lactate production (Figure 10e ), Figure 1 , and reported as arbitrary units normalized versus control values. (c-e) Jurkat cells were exposed for 5 h to 150 ng/ml STS, 500 ng/ml Anis, or 150 ng/ml aFas. Where indicated, cells were coincubated with 50 mM ANT. In (c), the cytofluorimetric analysis and the data presentation are as in Figure 1 . In (d), a Western immunoblot assay of the cleavage of PARP is reported; in (e), oligonucleosomal DNA fragmentation is assessed by agarose gel electrophoresis Experiments were performed as reported in Materials and Methods section. The addition of the protonophoric uncoupler FCCP (100 nM) allowed to measure the maximal respiratory rate (determined as the normalized number of oxygen atoms)
Cell death modulation by energy metabolism changes D Gramaglia et al glucose consumption or mitochondrial depolarization (not shown). We, therefore, conclude that the inhibition of PKB/Akt is a consequence rather than a cause of the profound metabolic alterations mediated by ddFSK.
Discussion
In the present work, we show that in several cell models the apoptotic process can be switched to necrosis downstream of apoptosome formation in mitochondria-triggered PCD pathways. We demonstrate that cell incubation with the diterpene ddFSK abrogates energy metabolism by affecting both glycolysis and oxidative phosphorylation, and resulting in a massive cell ATP depletion. This energetic catastrophe elicits cell death by a slow necrotic process and interrupts the apoptotic program initiated by intrinsic inducers before the complete activation of the degradation machinery. Due to the lack of energy supply, cells rapidly become unable to sustain the ordered execution of the several subroutines which compose the apoptotic process and are terminated in a necrotic fashion. We therefore reasoned that ddFSK could be a useful tool to study factors which determine the choice between apoptotic and necrotic demise.
Here we have provided a mechanistic basis for this effect of ddFSK. Caspase activation and the processing of a number of caspase targets are all abrogated upon cell exposure to a panel of intrinsic apoptotic stimuli in the presence of ddFSK; yet, caspases are not directly targeted by ddFSK, inasmuch as they can be activated in vitro in the presence of the drug. Nonetheless, cells treated with ddFSK are committed to die irrespective of caspase activation. We asked whether ddFSK could interfere with the death process by affecting the release of mitochondrial proteins active in apoptosis. Strikingly, we found that ddFSK enhances the inner membrane depolarization and the release of apoptogenic molecules from the intermembrane space, and that the apoptosome normally assembles in the presence of ddFSK (Figure 3a) .
The complete depletion of intracellular ATP induced by ddFSK explains the lack of apoptosome activation and the block of further apoptotic steps. In fact, the conformational changes of Apaf-1 needed for apoptosome-mediated caspase activation require the binding of dATP/ATP after Apaf-1 interaction with cyt c, and caspase activity itself requires ATP hydrolysis. 25, 26 Thus, dATP could reasonably substitute for ATP to allow apoptosome assembly in conditions of energy depletion, but the further steps of caspase activation would be blocked. Since impairment of mitochondrial ATP production can lead to necrosis by itself, 27 or turn the mitochondriatriggered cell death towards a necrotic mode, blocking late catabolic events, [11] [12] [13] we initially suspected that ATP depletion by ddFSK was caused by mitochondrial dysfunction, but this proved not to be the case. Indeed: (i) in experiments with isolated mitochondria, ddFSK had marginal effects on mitochondrial energy coupling; (ii) rather than causing a dose-dependent effect on mitochondria in situ, ddFSK abruptly caused mitochondrial depolarization only at 200 mM; (iii) mitochondrial depolarization achieved through block of the respiratory chain or dissipation of the proton gradient through uncoupling was per se an apoptotic stimulus, and it accelerated the apoptosis mediated by other inducers; indeed, ANT, ROT, CCCP or PTP inducers and ddFSK had a synergistic effect, suggesting different mechanisms of action ( Figure 7) ; and (iv) addition of oligomycin did not protect cells from ddFSK-dependent ATP depletion. The latter experiment indicates that in ddFSK-treated cells mitochondria are not utilizing glycolytic ATP in order to maintain the proton electrochemical gradient, an early sign of mitochondrial dysfunction (see Bernardi et al. 28 for discussion). Likewise, ATP depletion was not caused by increased activity of other Figure 8 Effect of ddFSK on cell energy metabolism. Dose-response (a, 5 h exposure) and kinetic analysis (b) of the effect of ddFSK on intracellular ATP concentration in Jurkat cells. In (c), apoptosis was elicited by treating cells for 5 h with 150 ng/ml STS, 500 ng/ml Anis, or 150 ng/ml aFas. Where indicated, cells were pretreated for 5 min with ddFSK (200 mM). The F 0 F 1 ATPase inhibitor oligomycin (Oligom, 10 mM) or ANT (50 mM) were used to inhibit oxidative phosphorylation. In (d), a kinetic analysis of the effect of several ATPase inhibitors, alone or in association with ddFSK, on intracellular ATP concentration is reported. Ouab: 100 mM ouabain; Oligom: 10 mM oligomycin; Van: 1 mM vanadate; Tg: 50 nM thapsigargin; BAF: 25 nM bafilomycin A 1 . (e) Effect of glucose depletion on intracellular ATP concentration. Jurkat cells were exposed for 5 h to 10 mM Oligom, 50 mM ANT or 200 mM ddFSK in normal or glucose-free RPMI medium. Intracellular ATP was quantified by the luciferin/luciferase method. (f, g) Kinetic and 5 h end point analysis of the effect of 200 mM ddFSK on lactate production in normal or glucose-free RPMI medium. In (g), the glycolysis inhibitors 2DG or 5TG (20 mM each) and STS were also tested. (h) Changes of glucose concentration in normal or glucose-free RPMI medium after exposure to ddFSK, 5TG and STS in the same experimental conditions of (g). Lactate and glucose were quantified by spectrophotometric assays. Each experiment was performed in duplicate, and arbitrary units of ATP or lactate concentration were normalized versus control conditions Cell death modulation by energy metabolism changes D Gramaglia et al cellular ATPases, as judged by the lack of effects of selective inhibitors.
Remarkably, lactate production, that is, glycolytic activity, is abrogated in ddFSK-treated cells. As this matches the depletion of ATP and the impairment of mitochondrial energy production, one could postulate that ddFSK affects an upstream common step in the energy metabolism cascades. We excluded a direct inhibition of either hexokinase or lactate dehydrogenase activity. A possible candidate is the facilitated transport of glucose across the plasma membrane, and the observation of a lack of glucose consumption from the medium of ddFSK-treated cells further strengthens this hypothesis. However, the finding that glucose is released by incubation with ddFSK or glycolysis inhibitors in a glucosefree medium (Figure 10h) indicates that transport is active, and that ddFSK could selectively block glucose uptake. Glucose depletion will affect both the production of ATP by glycolysis and the supply of substrates to mitochondria. This would cause mitochondrial depolarization, trigger the opening of the voltage-dependent permeability transition pore, 29 and result in assembly of the apoptosome.
The inhibition of postmitochondrial steps by energy depletion in Fas-mediated cell death causes a switch towards necrosis in type II cells, where caspase activation needs mitochondria triggering, but has no effect on the signaling cascade in type I cells, where caspase activation is directly associated with receptor engagement. [11] [12] [13] We observe that the mode of Fas-dependent cell death is unaffected by ddFSK, according to a type I cell model, with ddFSK acting downstream of the ATP/apoptosome-independent caspase activation step.
A link between cell energy metabolism and apoptosis can be provided by the Bcl-2-like protein Bcl-X L and by the serine/ threonine kinase PKB/Akt. Bcl-X L was proposed to prevent apoptosis by facilitating mitochondrial respiration in conditions of poor metabolite supply. [15] [16] [17] However, we could not measure any inhibition of ddFSK-mediated ATP depletion or mitochondrial depolarization in Bcl-X L overexpressing cells, even if the effect of the tested apoptosis inducers was largely reduced. Activation of PKB/Akt stimulates glycolysis and supply of substrates to mitochondria. In fact, it enhances glucose uptake by stimulating the expression of the plasma membrane glucose transporter Glut-1, 18 and it mediates the activation of 6-phosphofructo-2-kinase 19 and hexokinase. 20 Thus, PKB/Akt activation may favor cell survival, 21, 22 or alternatively it may support execution of the final apoptotic steps in committed cells. We have observed that PKB/Akt activity is inhibited by ddFSK, but a constitutive active form of the enzyme cannot counteract any of the inhibitory effects of the drug on cell energy metabolism. Indeed, these observations indicate that, even though Bcl-X L and PKB/Akt at least partially influence the apoptotic response of the cells, they are not the elements coupling energy metabolism and apoptosis execution affected by ddFSK, nor they do control any such elements.
ddFSK is commonly used as an inactive analogue of the adenylyl cyclase activator forskolin and as an inhibitor of some Cl À and K þ currents and of the permeability to organic osmolytes. [30] [31] [32] We had observed that ddFSK was able to block late apoptotic events. 24 Here we explain those data through the definition of a novel activity of ddFSK as a cell energy metabolism blocker. In summary, our results indicate that the process of programmed cell death displays complex regulatory mechanisms tightly linked to energy metabolism. The tuning of the mode of cell demise depends on cell energy levels: under a certain threshold of energy availability, cells undergo necrosis, even though apoptosis per se does not require adequate ATP levels provided that the caspase cascade is triggered. In the present work, we show that a single treatment abrogates the cell capability to produce ATP both by glycolysis and by oxidative phosphorylation, and that concomitant inhibition of the two pathways is needed to switch the mode of cell death from apoptosis to necrosis when cells are committed to die by intrinsic stimuli. A better understanding of the interactions between the control of energy homeostasis and the regulation of cell demise is needed, given the physiological relevance of the modulation of programmed cell death. ddFSK could be a useful tool to unravel these intricate causal relationships, and it could pave the way for a new class of PCD or energy metabolism regulators.
Materials and Methods

Chemicals and antibodies
The caspase inhibitor Z.VAD-fluoro-methyl-ketone (Z.VAD-fmk) was from Bachem (Subendorf, Switzerland), thapsigargin from Alexis Biochemicals (Lausanne, Switzerland), FITC-conjugated Annexin-V from Boehringer Mannheim (Indianapolis, IN, USA), DAPI and TMRM from Molecular Probes (Eugene, OR, USA); all other chemicals were from Sigma (St. Louis, MO, USA). CH-11 anti-Fas monoclonal antibody was from Upstate Biotechnology (Lake Placid, NY, USA), anti-PARP, anti-cyt c and anticaspase-7 monoclonal antibodies, and anti-caspase-8 and anti-Apaf-1 polyclonal antibodies were from PharMingen (San Diego, CA, USA), antiBcl-X L polyclonal antibody and anti-caspase-3 monoclonal antibodies were from Transduction Laboratories (Lexington, KY, USA); anti-actin and anti-caspase-9 polyclonal antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, USA); anti-cytochrome oxidase subunit VIc monoclonal antibody was from Molecular Probes; anti-lamin B monoclonal antibody was from Oncogene Research (Boston, MA, USA); anti-AIF polyclonal antibody was from Exalpha Biologicals (Boston, MA, USA); anti-SMAC/ Diablo polyclonal antibody was from Medical and Biological Laboratories (Nagoya, Japan); anti-phospho-Akt (Ser473) and anti-total Akt polyclonal antibodies were from Cell Signaling Technology (Beverly, MA, USA).
Cell culture, apoptosis induction and expression of Bcl-X L and PKB/Akt constructs 
Flow cytometry analysis
Several apoptotic parameters were simultaneously assessed on Jurkat cells by FACS analysis, as described. 23 Briefly, after induction of apoptosis, 5 Â 10 5 cells were resuspended in HEPES buffer (10 mM HEPES, 150 mM NaCl, 5 mM CaCl 2 ). Cells were then incubated for 15 min at 371C in FITC-conjugated Annexin-V, tetramethylrhodamine methyl ester (TMRM, 200 nM) and propidium iodide (PI; 1 mg/ml), to detect phosphatidylserine exposure on the cell surface, mitochondrial depolarization and loss of plasma membrane integrity, respectively. Dose-response experiments were performed in order to exclude the quenching effects due to high concentration storage of TMRM into the mitochondria. Figure 1 ; in (e), as in Figure 8 Incubations in a high K þ medium were performed in order to exclude a major contribution of the plasma membrane potential to the observed changes of TMRM fluorescence. Samples were analyzed on a FACSCalibur flow cytometer (Becton Dickinson). Data acquisition was performed using the CellQuest software and data analysis with the WinMDI software. FITC-Annexin V (FL1), TMRM (FL2) and PI (FL3) fluorescent signals were shown as density plot diagrams. Data are shown as arbitrary units of fluorescence on a logarithmic scale, whereas light scatter parameters are indicated on a linear scale. A quadrant was set on the diagrams experiment-by-experiment, and it was kept constant in all the conditions of each experiment in order to point out the different cell populations. To quantify the degree of mitochondrial depolarization, the geometric mean (Gm) of the TMRM signal was calculated on the histogram window of WinMDI after discriminating apoptotic and nonapoptotic subpopulations with a logical gate tool.
Cell fractionation and Western immunoblot analysis
Cytosolic extracts were prepared by lysing Jurkat cells at 41C in 135 mM NaCl, 20 mM Tris/HCl, pH 7.5, 1 mM CaCl 2 , 1% NP40, with phosphatase and protease inhibitors (1 mM vanadate, 1 mg/ml leupeptine, 1 mM pepstatine, 1 mM PMSF, 100 mg/ml soybean trypsin inhibitor). For the separation of subcellular cytosolic and organelle/membrane fractions, 10 7 cells were washed in PBS and resuspended in 50 mM PIPES, pH 7.0, 50 mM KCl, 5 mM MgCl 2 , 5 mM EGTA, with phosphatase and protease inhibitors as above. Cells were then lysed by mechanical disruption with a pestle and centrifuged twice at 14 000 Â g and at 41C. The resulting supernatant was assayed for lactate dehydrogenase with the Sigma kit, and experiments were only deemed valid if 95% of the total LDH activity was in the soluble (cytosolic) fraction. The pellet, which contained membranes and organelles, was further resuspended in the lysis buffer. Lysates were then loaded on SDS-polyacrylamide gels and proteins were blotted onto Hybond-C Extra membranes (Amersham, Little Chalfont, UK) following standard methods. Antibodies were incubated overnight at 41C, and horseradish peroxidase-conjugated secondary antibodies were added for 1 h. Proteins were visualized by enhanced chemiluminescence (Amersham).
Immunofluorescence analysis
Cells incubated with the different apoptotic agents were washed in PBS, fixed in 2% paraformaldehyde and centrifuged at 800 Â g for 5 min onto microscope slides. For the staining with antibodies, cells were then incubated for 3 h at 41C and in a wet and dark chamber with the primary antibodies at the concentration of 0.2 mg/ml, then washed and incubated for 30 min in the same conditions with the secondary antibody. For the DAPI staining, cells were instead incubated for 5 min at room temperature with 300 nM DAPI. Samples were observed on a Leica DM-IRB fluorescence microscope equipped with a Hamamatsu C4742-95 digital camera, and images were stored with the use of the Image ProPlus software.
Nuclear changes assays
DNA fragmentation was analyzed by electrophoresis on agarose gel and by using the cytofluorimetric TdT-mediated dUTP-X nick end labeling (TUNEL) technique. In the former case, after induction of apoptosis, 3 Â 10 6 cells were washed in PBS and lysed in a buffer containing 10 mM Tris, 1 mM EDTA and 0.2% Triton X-100, pH 8.0. Samples were then incubated in 100 mg/ml RNase A (30 min, 371C) and 100 mg/ml proteinase K (10 min, 561C). DNAs were precipitated in 0.5 M NaCl-isopropanol, washed in 70% ethanol and loaded on a 1.5% agarose gel. To assess nucleosomal DNA fragmentation in vitro, cells treated with the different apoptotic inducers were lysed as above, and 450 mg of proteins were then incubated for 2 h at 371C in the presence of 2 mg of high molecular weight calf thymus DNA (Boehringer Mannheim, Indianapolis, ID). DNAs were then processed as above. The TUNEL technique was applied on 10 6 cells by use of the in situ cell death detection kit (Boehringer Mannheim), following the manufacturer's instructions. To measure loss of DNA, cells were incubated for 1 h at room temperature in a buffer containing 0.5 mg/ ml RNase, 0.1% (w/v) Nonidet P-40 and PI (50 mg/ml; DNAcon3 kit, Consul TS , Torino, Italy). Apoptotic cells exhibit sub-G 1 PI incorporation (hypodiploid cells), whereas necrotic cells do not display loss of DNA within the experimental time period analyzed.
Colorimetric and in vitro caspase activity measurements
Caspase activity was measured as cleavage of the chromophoreconjugated substrates of caspase-3/7 (DEVD-pNA; DEVDase activity), of caspase-9 (LEHD-pNA; LEHDase activity) or of caspase-8 (IETD-pNA, IETDase activity) by using the ApoAlert s caspase-3 assay kit (Clontech, Palo Alto, CA, USA) or the caspase-9/caspase-8 colorimetric kits (R&D Systems, Minneapolis, MN, USA) following the manufacturer's instructions. Each experiment was performed in duplicate, and protease activity was assessed by a colorimetric assay at 405 nm on an Elx 800 microplate absorbance reader (Bio-Tek Instruments, Winooski, VT, USA). Data are presented as arbitrary units of absorbance normalized versus control conditions. In order to measure the in vitro caspase activity, Jurkat cells were lysed in 20 mM HEPES/NaOH (or 20 mM HEPES/KOH), 10 mM NaCl (or 10 mM KCl), 1.5 mM MgCl 2 and 1 mM EDTA by mechanical disruption with a pestle, and 350 mg of proteins were then incubated for 2 h at 371C with 1 mM dATP, 1 mM dithiothreitol and 10 mM cyt c (Sigma) to activate the apoptosome. Samples were then loaded on SDSpolyacrylamide gels and Western blots were performed as above.
Mitochondrial respiratory rate assay
Mitochondria were isolated from the livers of female Albino Wistar rats weighing about 300 g following standard procedures. 34 Experiments were performed in a buffer composed of 250 mM sucrose, 10 mM Tris-Mops (pH 7.4), 5 mM glutamate-Tris, 2.5 mM malate-Tris, 1 mM Tris-phosphate, 20 mM EGTA, and mitochondrial membrane potential was determined with the probe rhodamine 123 (Molecular Probes) as described. 35 The respiratory rate was assessed with a Clark-type oxygen electrode in a closed 2-ml chamber equipped with magnetic stirring and thermostatic control.
Intracellular ATP determination and lactate and glucose measurements Intracellular ATP was quantified by the luciferin/luciferase method using the Molecular Probes ATP determination kit, following the manufacturer's instructions. Briefly, after apoptosis was induced as reported above, 10 mg of cell lysates were analyzed in a Lumat-LB-9507 luminometer (Berthold, Australia) in a final volume of 20 ml. Each experiment was performed in duplicate, and values were normalized versus control conditions. Lactate Cell death modulation by energy metabolism changes D Gramaglia et al and glucose were measured in sample supernatants by using the Sigma kits 826-UV and 115, respectively, following manufacturer's instructions.
